Abstract: An ultracompact transverse magnetic (TM)-pass polarizer based on silicon nanophotonic waveguides is proposed, which contains two tapered waveguides sandwiching a narrow waveguide section only supporting TM-mode propagation. A full-vectorial eigenmode solver is employed to determine the appropriate cross section of the silicon nanophotonic waveguide. The device is first designed in a 2-D approximate model using a wide-angle beam propagation method, and numerical verification is carried out afterward using a parallel full-vectorial 3-D finite-difference time-domain simulation. Both approaches indicate that the finite thickness of the buried SiO 2 layer and the reflection at the substrate play important roles on the extinction ratio of the device. A designed numerical example shows an extinction ratio of $26 dB for the waveguide polarizer with a length of $ 10 m, while the insertion loss for the TM mode is negligible.
Introduction
Silicon nanophotonic waveguide using silicon-on-insulator (SOI) substrate is emerging as a promising technique for high-density integration due to strong light confinement and compatibility with complementary metal-oxide-semiconductor (CMOS) technology [1] . Various ultrasmall devices based on silicon nanophotonic waveguides used for data transfer, information processing, and optical sensing have been demonstrated in recent published investigations, which include couplers, ring resonator filters, planar grating-based wavelength multiplexers, etc. [1] - [6] . For the optical sensing utilizing the evanescent field or surface plasmon mode on silicon photonic waveguide, the Transverse Magnetic (TM) mode is desired for its higher sensitivity, as compared with the Transverse Electric (TE) mode [7] . Hence, a novel and ultracompact polarizing structure based on nanophotonic waveguide is proposed and designed in this paper, which is also an essential element used in coherent optical information processing.
Various types of waveguide polarizers have been proposed and demonstrated recently using, for example, metal-cladding, birefrigent material, nanocomposite film, slot waveguides, etc. [8] - [13] . Some of these waveguide polarizers have specific requirement on materials or fabrications. In this paper, we propose a waveguide polarizer utilizing the polarization dependence of light propagation within silicon nanophotonic waveguide. The structure proposed is schematically presented in Fig. 1 (Fig. 1(a) is the top view; Fig. 1(b) and (c) are, respectively, the cross section in the x -y plane of the input (output) waveguide and the central waveguide section). The waveguide polarizer contains two tapered waveguides sandwiching a central waveguide section, which is expected to support only TM-mode (the main electric component is E y ) propagation. For the TE mode (the main electric component is E x ), the central waveguide section is under the cutoff condition, i.e., light will radiate away while propagating along the device. Optical design of this silicon nanophotonic waveguide for a high extinction ratio with a ultracompact size consists of two steps: designing the silicon nanophotonic waveguide cross section for single-polarization propagation through eigenmode analysis and optimizing the device's extinction ratio through simulating light propagation in the whole device.
Section 2 presents a detailed analysis of the modal characterization of silicon nanophotonic waveguide using the full-vectorial eigenmode solution. Mode numbers and polarization dependence are investigated under different width and height of the core, which determines the cross section of the silicon waveguide for single-TM-polarization-mode propagation. Calculations show that for a silicon nanophotonic waveguide with a thickness of 300 nm, it only supports the TMmode propagation when the width is less than 250 nm. The thickness of the buried SiO 2 layer is also analyzed due to the consideration of leakage loss to the substrate of the propagating TM light.
In Section 3, an approximate but fast design of the whole device is carried out using a 2-D model in the y -z plane after the effective index method in the x -direction. Simulation of light propagation in this approximate model using a wide-angle beam propagation method [14] shows that the finite thickness of the SiO 2 layer and the leaky light of the TE mode reflected back from the substrate play important roles on the extinction ratio of the device. Following this approximate design, a rigorous numerical verification of light propagation in the device is carried out using a parallel 3-D finitedifference time-domain (3-D FDTD) [15] . The numerical example shows that by using a total length of 18 m (length for the central region is 10 m and length for the two tapered sections is 8 m), an extinction ratio of $26 dB can be achieved for the silicon nanophotonic waveguide when the thickness of the buried SiO 2 layer is 1.5 m. The insertion loss of the TM mode for this nanophotonic waveguide polarizer designed is negligible. Conclusions are drawn in Section 4. silicon dioxide layer has a thickness of H cl . The refractive index of the silicon is 3.477, and the buried silicon dioxide is 1.45 at wavelength 1550 nm. The top cladding is air. A full-vectorial eigenmode solution is employed with a modified finite-difference scheme, as proposed in [16] and [17] It can be seen that for this silicon nanophotonic waveguide besides the multimode region A and single-mode region B, there are two so-called single-polarization-mode regions which support only one polarization state. Waveguide with a cross section in Region C only supports TM mode, while for Region D, it only supports TE mode. The existence of single-polarization-mode region is due to the highly polarization dependence of silicon nanophotonic waveguide, which leads to the different cutoff conditions between the TE and TM modes.
Silicon Nanophotonic Waveguide Supporting Single Polarization Mode
For this silicon nanophotonic waveguide to act as a polarizer, we choose the thickness of waveguide core to be 300 nm. According to the modal characteristics presented in Fig. 2 , the thinner silicon waveguide reduces the difference of the corresponding waveguide width of the cutoff condition between the TM and TE modes. A thicker waveguide requires a smaller width for single-mode condition, which is not recommended in practice while taking account of the etching surface roughness. Therefore, the 300-nm-thick waveguide is appropriate not only for this silicon nanophotonic waveguide polarizer but for integrating other photonic devices that require singlemode propagation as well. The effective refractive indices of the TE and TM modes the waveguide with a thickness of 300 nm under different waveguide widths are shown in Fig. 3 , which shows that when the width of the waveguide is between 250 nm and $180 nm, the waveguide will only support the TM mode. Therefore, in our design example, we choose the width of the central waveguide section to be 200 nm.
The buried SiO 2 layer of the SOI wafer with a sufficient thickness is very important while taking account of the propagation loss of TM mode in the central region due to the leakage in the silicon substrate (in the next section, the thickness of the buried SiO 2 layer is shown to also have a significant influence on the extinction ratio of the device). Here, the eigenmode solution with a perfectly matching layer-boundary condition is used to calculate the leakage loss of the TM mode. The propagation loss coefficient for characterization of the leakage loss is defined to be ¼ ð4=ÞImðn eff Þ, where Imðn eff Þ is the imaginary part of the effective refractive index. For the central waveguide section, the propagation loss coefficient is calculated (see Fig. 4 ). From this calculation result, it can be seen that when the thickness of buried SiO 2 is no less than 1 m, the central TM-pass waveguide has a negligible propagation loss when the length of the central section is on a scale of tens of micrometers.
Optical Design of TM-Pass Polarizer Through Simulating Light Propagation
Two waveguides linearly tapered are used as the transition between the single-mode input/output waveguides and the central waveguide with the single polarization mode to minimize the insertion loss for the TM mode [see Fig. 1(a) ]. The width of the single-mode input/output waveguide is chosen to be 400 nm. The length of the tapered waveguide is L t ¼ 4 m, which is sufficient for adiabatic tapering from 400 nm to 200 nm, as shown the simulation below. To achieve a high extinction ratio with a compact size, the length of the central TM-pass waveguide section is optimized, and the influence of the thickness of buried oxide is analyzed in this section. To carry out a fast design, the waveguide polarizer is converted into an approximate 2-D model [see Fig. 5(a) ] in the y -z plane by applying the effective index method in the x -direction. The waveguide in the 2-D model has a top cladding of air, a bottom-cladding layer of SiO 2 , and silicon substrate. The refractive index of the core in the 2-D model is the effective index of the TM mode for an air-silicon-air planar waveguide in the x -direction. Therefore, the refractive index of the core in the 2-D model depends on the width of the silicon nanophotonic waveguide. As the width of silicon waveguide is decreased, the refractive index of the waveguide core in the 2-D model becomes smaller, and it is less than that of the buried SiO 2 in the central section, as shown in Fig. 5(b) . For a waveguide with a semi-infinite bottom cladding, it is obvious that the longer TM-pass waveguide section corresponds to higher extinction ratio. However, in practice, the buried oxide layer has a finite thickness, and the radiated light of the TE mode penetrating through the buried cladding layer will be reflected at the interface between the cladding and substrate. Furthermore, the light reflected will couple with the propagating mode and affect the extinction ration significantly. To evaluate the performance of the proposed waveguide polarizer, the radiation loss for the TE mode is calculated using a wide-angle beam-propagation method and overlap integral under a different length of the central waveguide, as well as the thickness of the buried SiO 2 layer. In this numerical example, four cases are chosen, i.e., H cl ¼ 1 m, 1.5 m, 2 m, and semi-infinite. The corresponding insertion losses for the TE mode are presented in Fig. 6 . It can be seen that with a semi-infinite buried silicon dioxide cladding layer, the insertion loss for the TE mode increases with length of central waveguide. However, for the other three cases, it is shown that finite thickness of the buried silicon dioxide layer has two significant influences on the insertion loss: 1) The insertion loss degrades due the existence of the substrate because the radiated light is quasi-confined and propagates in the buried dioxide layer, as seen in Fig. 5(d) ; 2) the insertion loss does not increase monotonously with the length of central waveguide section because of the coupling between the propagating light and radiated light reflected back from the substrate. Due to this coupling, the insertion loss reaches the maximum value at some specific lengths of the central waveguide. For example, when the thickness of the buried SiO 2 layer is H cl ¼ 1:5 m, the maximal insertion loss happens at L p ¼ 12 m for the TE mode, and when the thickness of the buried SiO 2 layer is H cl ¼ 2 m, it happens at L p ¼ 20 m. From this approximate design, the waveguide polarizer with a central length of $ 12 m is recommended for an SOI wafer with a 1.5-m-thick buried SiO 2 layer.
To numerically verify the performance of the waveguide polarizer designed by the approximate 2-D model, a full-vectorial 3-D parallel finite-difference-time-domain simulation is carried out, in which the grid size is chosen to be Áx ¼ Áy ¼ Áz ¼ 20 nm (which is less than =20; is the wavelength in silicon) with a time step of 3:85 Â 10 À17 s. The cross section of simulation region is 3 m in the x -direction and 3 m in the y -direction, which includes the silicon substrate so that the influence of the substrate on the device performance can be included. As a single computer cannot handle this simulation with a serial coding of FDTD efficiently, a parallel processing using a message-passing interface is employed in our simulation involving a computer cluster. The calculation region is divided into N subregions along the z-direction, and each process is used for each subregion. After the field update in the FDTD, exchange of boundary data is carried out between neighboring subregions.
With the electromagnetic field calculated by the parallel 3-D FDTD simulation, the insertion loss is calculated based on an overlap integral using the Gram-Schmidt orthogonalization technique [18] . For the TE mode under different lengths of the central section, the corresponding insertion losses are presented in Fig. 7 for three cases with different thickness of the buried SiO 2 layer, i.e., semi-infinite, 1.0 m, and 1.5 m. The numerical results obtained by the parallel 3-D FDTD basically agree with the above approximate design, and according to this, it is shown that in the case where the thickness of buried SiO 2 is 1.5 m, the insertion loss for the TE mode reaches the maximal value $26 dB when the length of the central waveguide is 10 m. The insertion loss for the TM mode ðH cl ¼ 1:5 mÞ under a different length of the central waveguide is also presented in Fig. 7 , which shows that for the TM mode, the insertion loss is negligible, regardless of the length of the device (which is $ 7 Â 10 À4 dB when the central length is 10 m). For this FDTD simulation, the numerical error is estimated using the 2-D waveguide polarizer model presented in Fig. 5(a) (to characterize the numerical error directly on the 3-D waveguide polarizer requires a dramatic incensement of computational time and resources). We compared the simulation results of waveguide polarizer designed for different a grid size, ranging from 30 nm down to 10 nm. It is found that for the TE mode, the numerical error is found to be $1 dB (26.83 dB-27.88 dB), and for the TM mode, the numerical error is $0.2 dB (À0.14 dB-0.06 dB). Simulation results of the light propagation based on the parallel 3-D-FDTD for the TE and TM mode with a central length of L p ¼ 10 m are presented in Fig. 8 . Fig. 8(a) gives the light propagation within the x -z plane for the TE mode at the middle of the waveguide core in the y -direction, which shows that the light is attenuated when propagating along the device. Fig. 8(b) shows the light propagation within y -z plane for the TE mode at the middle of the waveguide core in the x -direction, and it can be seen that the light radiates away from the waveguide core and is reflected back at the interface between the buried cladding layer and substrate and is coupled with the light propagating in the core. Fig. 8(c) and (d) give the simulation results of light propagation for the TM mode, and it can be seen that the light passes through the structure with ignorable loss.
Conclusion
An ultracompact nanophotonic waveguide polarizer based on a simple tapered structure has been proposed, designed, and demonstrated numerically. With a full-vectorial eigenmode solution, a silicon nanophotonic waveguide with a height of 300 nm can only support the TM mode when the width is between 250 nm and 180 nm. The length of the central waveguide is optimized for a high extinction ratio and ultracompact size while taking account of the finite thickness of buried dioxide layer using an approximate 2-D model. Parallel full-vectorial 3-D FDTD has been used to verify the performance of the designed device. The numerical result has shown an extinction ratio $26 dB for the nanophotonic waveguide polarizer with a central length of 10 m, while the insertion loss for the TM mode is ignorable.
